The retinal flow during normal locomotion contains components due to rotation and translation of the observer. The translatory part of the flow-pattern is informative of heading, because it radiates outward from the direction of heading. However, it is not directly accessible from the retinal flow. Nevertheless, humans can perceive their direction of heading from the compound retinal flow without need for extra-retinal signals that indicate the rotation. Two classes of models have been proposed to explain the visual decomposition of the retinal flow into its constituent parts. One type relies on local operations to remove the rotational part of the flow field. The other type explicitly determines the direction and magnitude of the rotation from the global retinal flow, for subsequent removal. According to the former model, nearby points are most reliable for estimating one's heading. In the latter type of model the quality of the heading estimate depends on the accuracy with which the ego-rotation is determined and is therefore most reliable when based on the most distant points. We report that subjects underestimate the eccentricity of heading, relative to the fixated point in the ground plane, when the visible range of the ground plane is reduced. Moreover we find that in perception of heading, humans can tolerate more noise than the optimal observer (in the least squares sense) would do if only using optic flow. The latter finding argues against both schemes because ultimately both classes of model are limited in their noise tolerance to that of the optimal observer, which uses all information available in the optic flow. Apparently humans use more information than is present in the optic flow. Both aspects of human performance are consistent with the use of static depth information in addition to the optic flow to select the most distant points. Processing of the flow of these selected points provides the most reliable estimate of the ego-rotation. Subsequent estimates of the heading direction, obtained from the translatory component of the flow, are robust with respect to noise. In such a scheme heading estimates are subject to systematic errors, similar to those reported, if the most distant points are not much further away than the fixation point, because the ego-rotation is underestimated.
INTRODUCTION
In some cases we may have less trouble looking through another person's eye than sharing his point of view. In films we can perceive the motion of the actor, whose view the camera is showing us, as our own, although we remain aware of the flat screen we are looking at. The changing perspective of a moving vantage point (the optic flow) provides a compelling impression of depth and motion through space. Gibson (1966) was the first to present a theory of depth and ego-motion as perceived from the optic flow. He pointed out that for linear travel the optic flow takes a radial structure, emanating from the focus of outflow. In that case the focus of outflow coincides with the direction of heading. However, moving around, we usually look at an object in the environ- ment, keeping its image on the fovea by rotation of our eyes, head and body, The retinal flow is therefore more complicated than for pure translation of the vantage point; the retinal motion vectors roughly converge on the fixation point. In order to perceive the direction of heading from the retinal flow, we should be able to disregard the component that is caused by ego-rotation. Indeed, humans are able to perceive their direction of motion across the ground with high precision (about 1.5 deg) when the retinal flow contains components due to ego-rotation and ego-translation (Warren & Hannon, 1988 , 1990 van den Berg, 1992; Cutting, Springer, Braren & Johnson, 1992) . For self-generated rotations, the visual stimulus is accompanied by proprioceptive or efference copy signals. These extra-retinal signals are useful but not always necessary for discounting the rotational part of the flow-field. Perceived heading is equally accurate when subjects make a real eye movement to fixate a point in the ground plane, as when the eye rotation is simulated
